Background. An assessment of the therapeutic effects of vital pulp treatment is based on both clinical and radiological evaluation.
Introduction
The aim of conservative dental pulp treatment is to maintain the function of the dentin pulp complex, which enables healing and dentin bridge formation. Additionally, in the case of teeth with incomplete root development, viable, healthy crown and root pulp ensures normal apexogenesis. 1 Although viable pulp preservation in carious pulp exposure is controversial, such management is commonly accepted in teeth with incomplete root development. 1, 2 The use of pulp-coating materials, marked by biocompatibility, insolubility in tissue fluids, antibacterial activity, long-term sealing ability, and mechanical strength as well as the ability to stimulate and form mineralized tissues, is one of the conditions for successful vital pulp treatment. Until recently, non-setting calcium hydroxide preparations were conventionally used for this purpose. However, due to some defects of these materials, such as poor adhesion to dentin, rapid loss of sealing ability, high solubility, low mechanical strength, and tunnel defects in dentin bridges, research has been conducted to develop other preparations. 1, 3 In order to eliminate these defects, setting calcium hydroxide cements were developed. Although improved dentin adherence, higher mechanical strength and lower solubility were achieved, tunnel defects in dentin bridges have still not been eliminated. 4, 5 In the 1990s, mineral trioxide aggregate (MTA), which showed very good sealing properties, mechanical strength and low solubility, was introduced into the vital treatment of dental pulp. 6 It was also observed that the reparative dentin formed upon contact with MTA was homogeneous. 4 An assessment of the therapeutic effects of vital pulp treatment is based on both clinical and radiological evaluation. Only radiological evaluation allows tracing the formation of mineralized tissues at the site of contact with the therapeutic material as well as the progress of apexogenesis in the case of teeth with incomplete root development. The degree of X-ray absorption seems to be an important characteristic of these preparations, enabling their differentiation from mineralized dental tissues. The process of formation of these tissues is of varying duration due to the effects of odontotropic medication. 7 In the case of calcium hydroxide, mineralized barrier formation was observed not earlier than after 30 days, although most authors report longer periods, i.e., at least 60 days. 8 The use of MTA accelerates the healing process with a hard tissue bridge being formed, which, according to Parolia et al., becomes noticeable after 15-45 days. 9 Therefore, a long-term radiological assessment of X-ray absorption by the abovementioned materials seems to be of importance.
Material and methods

Preparation of test specimens
The 8 materials included in this study were: MTA Angelus White ® (Angelus Indústria de Produtos Odontológicos S/A, Londrina, Brazil); MTA Angelus Grey ® (Angelus Indústria de Produtos Odontológicos S/A); ProRoot ® MTA (Dentsply International Inc., Johnson City, USA); Biopulp ® (Chema-Elektromet, Rzeszów, Poland); Calcipro ® (lege artis Pharma GmbH + Co. KG, Dettenhausen, Germany); Calcipulpe ® (Septodont, Saint-Maur-des-Fossés, France); Dycal ® (Dentsply DeTrey GmbH, Konstanz, Germany); and Life ® (Kerr Italia S.r.l., Scafati, Italy). The main components of each material are described in Table 1 . The materials were placed in molds, which allowed obtaining samples that were 10 mm in diameter and 2 mm in thickness.
Evaluation of the radiopacity of the tested materials
The molds with the samples were placed on a Kodak occlusal film, size 4, with D speed (Caresteam Health France, Noisy-le-Grand, France) with an aluminum step wedge, and then X-rayed using a Planmeca Intra ® intraoral X-ray unit (Planmeca Oy, Helsinki, Finland) with the following exposure parameters: 70 kV and 8 mA. The distance between the tube and the film surface was 30 cm. The exposure time was selected experimentally using a step wedge filter. The aluminum step wedge, made of 99% pure aluminum, with 16 incremental steps, each 1-millimeter-thick, was used as a standard for comparing the radiodensity of the tested materials and controlling for any variations in exposure and processing ( Fig. 1) .
After irradiation, the films were processed in an XR 25S automatic imager (Dürr Dental SE, Bietigheim-Bissingen, Germany). Processing was done using freshly prepared original chemical reagents. This way, an X-ray image with varying degrees of opacity was obtained. The radiological density of the samples, the step wedge and the background was measured 6 times using a Duolight A densitometer, v. 2.47 (IBA Dosimetry GmbH, Schwartzenbruck, Germany), choosing places with a homogeneous structure.
The obtained results were presented in a numerical form as mean radiodensity. The tests were repeated at the following intervals: after 7 days, and after 2, 4, 6, and 8 weeks. The molds with the material samples were stored between the subsequent tests in an incubator at 37°C and 95% humidity.
In order to determine the radiopacity of the 2-millimeter-thick samples of the tested materials, a calibration curve for the step wedge was generated (creating a regression curve for the aluminum step wedge). The radiopacity of the specimens was expressed in terms of the equivalent thickness of aluminum, according to the methodology presented by other authors. [10] [11] [12] The comparison of the numerical values obtained during the irradiation of the tested materials and from the step wedge filter made it possible to determine the degree of X-ray absorption by evaluating the preparations relative to the thickness of the X-rayed aluminum.
Statistical analysis
The statistical analysis was performed using the Statistica, v. 8.0 (StatSoft Inc., Tulsa, USA) software package. The data was analyzed by means of the analysis of variance (ANOVA) and the post hoc Tukey test. The level of significance was set at p < 0.05.
Results
The mean values and standard deviations of radiopacity, expressed in mm of aluminum thickness, for all materials at 6 time points are shown in Fig. 2 .
Mineral trioxide aggregate exhibited the highest degree of radiopacity. Among the MTA products, MTA Angelus Grey showed significantly higher radiopacity at all time points (p < 0.0001). No significant differences were found in the radiopacity of MTA Angelus White and ProRoot MTA after 2, 4 and 6 weeks only.
The lowest radiopacity was shown for the nonsetting calcium hydroxide preparations. No significant differences were found between Biopulp and Calcipro at any time points. Calcipulpe showed higher radiopacity compared to other non-setting calcium hydroxide materials, but only at 2 and 4 weeks after preparation. Calcium hydroxide cements -Life and Dycal -had medium radiopacity values compared to the previously described groups. No statistically significant differences were found between Life and Dycal at any study time points. All other differences in radiopacity at different study time points were highly significant (p < 0.0001).
The changes in the radiopacity of the study materials throughout the experiment are shown in Fig. 3 . The radiopacity of all the evaluated materials showed a statistically insignificant increasing tendency. 
Discussion
The ability to absorb X-rays -radiopacity -is an important and required feature of materials used in dental treatment. The use of an aluminum step wedge is recom mended as a reference standard. According to ISO 6876/2001 specifications, a step wedge should have a purity of at least 98% aluminum. 13 It has been used with an occlusal film in most published studies to determine the optical density of materials. 10, 11, 14, 15 We used this method in our experiment to determine the radiopacity of materials used in the vital treatment of dental pulp.
Some authors have compared the radiopacity of materials to that of mineralized dental tissues (enamel and dentin). [16] [17] [18] However, the optical density of both enamel and dentin is variable. It depends on the patient's age and the individual degree of tissue mineralization. The storage method for the removed tooth used for comparisons also seems important. 16 Furthermore, it has been demonstrated that the radiopacity of pure aluminum is similar to that of human dentin. 12 Thus, we only used a step wedge in our study.
However, studies on the radiopacity of dental materials conducted by other authors are not unanimous regarding the thickness of the analyzed samples. Samples Fig. 3 . Radiopacity of the study materials throughout the duration of the experiment of a thickness from 0.5 up to 2.5 mm have been evaluated. 11, 15, [19] [20] [21] According to Watts and McCabe, using 2-millimeter-thick samples is one of the ways to obtain good contrast in relation to the degree of shading of the film background. 12 We used the same sample thickness in our study, similarly to other authors. 19 According to ISO standards, the radiopacity of dental cements should be equal to or higher than that of aluminum of the same thickness. 16 We found no studies in the available literature comparing the groups of materials or observing the time points described in our experiment. In our study, we evaluated the radiopacity of fresh samples at baseline, and then 5 times -after 1, 2, 4, 6, and 8 weeks. We believe that a long-term radiopacity assessment of the materials used in vital pulp treatment is important from a clinical practice point of view. According to the literature, the duration of hard tissue bridge mineralization is from 21 to 60 days. 8, 9, 22 This depends on the type of material used. In our experiment, we used 3 groups of materials, and therefore, the observation period was prolonged to 8 weeks. In the available literature, only Cutajar et al. presented the radiopacity observations of MTA 7 and 28 days after preparation. 23 In other studies, the materials were evaluated once, immediately after preparation 18, [24] [25] [26] or after setting. 11 However, Islam et al. 27 and Chng et al. 28 measured the MTA radiopacity 4 times -from baseline (fresh samples) until complete setting.
In our experiment, the first radiopacity assessment was performed immediately after preparation. Only a fresh sample from Calcipro, despite the addition of barium sulfate, showed lower radiopacity, with an aluminum equivalent value of 1.98 mm. Other tested non-setting calcium hydroxide materials reached the minimum required radiopacity, ranging from 2.10 to 3.19 mm Al. This result is difficult to interpret. Manufacturers do not provide full ingredient lists; they only use terms such as 'excipients' . This may suggest that other ingredients besides barium sulfate influence radiopacity, which is confirmed by the literature data. 26 The authors also noted that non-setting calcium hydroxide materials are characterized by high X-ray permeability. 18 The most radiopaque materials among the tested objects were the MTA preparations, with radiopacity ranging from 8.70 to 11.38 mm Al. Laghios et al. showed lower radiopacity of MTA samples of 2 mm (6.43 mm Al) than what we observed in our study. 24 This may be due to different exposure conditions. Other authors made similar observations. 27,28 Kim et al. found high radiopacity of 1-millimeter-thick samples of ProRoot MTA (6.92 mm Al). 25 Researchers who evaluated samples after setting also showed high radiopacity of MTA. 14, 29 Differences in radiopacity between the assessed MTA preparations, despite similar bismuth oxide content, could be the result of varying chemical compound proportions in the materials. 30 Setting calcium hydroxide cements -Dycal and Life -obtained radiopacity values lower than MTA preparations (6.41 mm Al and 6.00 mm Al, respectively).
Both these cements belong to a group showing medium radiopacity values, as confirmed by Devito et al. 15 Life and Dycal showed similar radiopacity despite certain differences in their chemical composition.
While analyzing the changes in the radiopacity of each of the evaluated preparations during the 8-week experiment, we noticed that the optical density of all materials increased insignificantly. Our study showed a steady, insignificant increase in optical density 6 and 8 weeks after sample preparation. Also, all materials exceeded the minimum values of recommended radiopacity.
Difficulties in determining the detailed concentrations of radiopaque substances in the tested materials and problems with the simulation of the oral environment may be possible limitations of the present study.
Conclusions
Within the limitations of the present study, based on the obtained results, the tested materials can be divided into 3 groups in terms of their radiopacity. The highest radiopacity was produced by the MTA preparations, followed by the setting calcium hydroxide materials, and was the lowest in the non-setting calcium hydroxide group.
To conclude, considering that a material must be radiopaque, a clinician must pay careful attention to the chemical composition characteristic to a certain group of preparations. It can be stated that all the tested preparations showed acceptable radiopacity, enabling radiological detection during vital pulp therapy. However, radiopacity is only one of the components that affect the efficacy of therapeutic procedures. Therefore, other factors determining the choice of therapeutic materials should also be taken into account.
